Replication origins in Saccharomyces cerevisiae are spaced at intervals of approximately 40 kb. However, both measurements of replication fork rate and studies of hypomorphic alleles of genes encoding replication initiation proteins suggest the question of whether replication origins are more closely spaced than should be required. We approached this question by systematically deleting replicators from chromosome III. The first significant increase in loss rate detected for the 315-kb full-length chromosome occurred only after all five efficient chromosomal replicators in the left two-thirds of the chromosome (ARS305, ARS306, ARS307, ARS309, and ARS310) had been deleted. The removal of the inefficient replicator ARS308 from this originless region caused little or no additional increase in loss rate. Chromosome fragmentations that removed the normally inactive replicators on the left end of the chromosome or the replicators distal to ARS310 on the right arm showed that both groups of replicators contribute significantly to the maintenance of the originless chromosome. Surprisingly, a 142-kb derivative of chromosome III, lacking all sequences that function as autonomously replicating sequence elements in plasmids, replicated and segregated properly 97% of the time. Both the replication initiation protein ORC and telomeres or a linear topology were required for the maintenance of chromosome fragments lacking replicators.
In eukaryotes, DNA replication initiates at specific sites called replication origins. cis-acting sequences called replicators define the positions and regulate the activity of replication origins by promoting the assembly of prereplicative complexes (pre-RCs) during the G 1 phase of the cell cycle. Eukaryotic replicators were first identified in the budding yeast Saccharomyces cerevisiae on the basis of their ability to promote the extrachromosomal maintenance of plasmids (22, 50) . The dissection of these autonomously replicating sequence (ARS) elements revealed an essential 11-bp sequence, called the ARS consensus sequence (ACS), that is required for both plasmid and chromosomal replicator activity (reviewed in reference 34). The ACS is the core of the binding site for the highly conserved six-subunit origin recognition complex (ORC), which recruits and assembles the other components of the pre-RC (reviewed in reference 1). Like the ORC, the other components of the pre-RC are highly conserved throughout the eukaryotic kingdom.
Upon entry into S phase, pre-RCs are activated to initiate replication according to a temporal program whose determinants are poorly understood. The activation of replication origins requires the activity of two kinases, a cyclin-dependent kinase composed of the catalytic subunit encoded by CDC28 and regulatory subunits encoded by CLB5 and CLB6, and the Dbf4-dependent kinase, composed of a catalytic subunit encoded by CDC7 and a regulatory subunit encoded by DBF4. During replication initiation, DNA is unwound at origins and replication fork proteins are assembled to form replisomes, which move bidirectionally away from origins (reviewed in reference 2).
ARS elements and replication origins have been mapped in the yeast genome by a variety of approaches. In early studies, ARS elements were identified on chromosomes III and VI by screening overlapping fragments of the chromosomes for ARS activity in the plasmid assay (37, 41, 48) . ARS elements were then examined for chromosomal replication origin activity by two-dimensional gel electrophoresis of replication intermediates (9, 15, 18, 20, 23, 24, 41, 55, 56, 67) . These studies demonstrated that ARS elements are required for replication origin activity and that not all ARS elements are detectably active as chromosomal replication origins. More recent studies have used genome arrays to identify replication origins. The first approach made use of density transfer experiments to generate a genome-wide replication timing profile (43) . Replication origins could be identified as regions that replicated earlier than their neighboring sequences. The second approach was based on the twofold increase in copy number caused by replication (66) . Again, regions that doubled in copy number before their neighboring sequences were considered to be replication origins. These timing profiles, which would not detect inefficient replication origins, identified 332 and 247 replication origins, respectively, suggesting an average spacing of 40 kb between replication origins in the 12-Mb yeast genome. This average spacing is consistent with spacing deduced in early electron microscopy and fiber autoradiography studies (35, 44) . A third approach used genome arrays to identify the binding sites of two pre-RC components, ORC and the Mcm2-7 complex, by chromatin immunoprecipitation (64) . This approach, which has the potential to identify both efficient and inefficient replication origins, identified 429 potential origins in the yeast genome.
Several lines of evidence suggest that replication origins are more closely spaced than should be required. For example, in their genome-wide study of replication dynamics, Raghuraman et al. (43) found that replication forks move at a mean rate of 2.9 kb/min during an S phase of approximately 55 min. Thus, forks from a single bidirectional replication origin that initiates early in S phase should be able to replicate about 320 kb of DNA. Although this calculation does not take into account the presence of replication fork barriers or pause sites, which are known to be present in the yeast genome (5, 10, 19) , it suggests that replication origins might be redundant. Consistent with this idea, hypomorphic alleles of genes encoding components of the pre-RC reduce the efficiency of replication origin firing (16, 27) and therefore increase the spacing between replication origins without affecting cell viability. Moreover, a hypomorphic allele of the essential Cdc7p protein kinase, whose activity is required for replication initiation, also causes a reduction in the efficiency of replication origin firing (13) , and the deletion of CLB5, one of the two S-phase cyclins, prevents late replication origins from firing (14) . Although the length of S phase was extended in each of the replication mutants, these results suggest that a genome-wide increase in origin spacing is tolerated. However, the extent of the increase in origin spacing was not determined in these studies.
Because of the detailed mapping of ARS elements and replication origins on chromosome III, we undertook a study of the effects of deleting replication origins on chromosome stability. In an early study, we found that deleting either of the two efficient replicators, ARS307 and ARS309, from a small circular derivative of chromosome III caused an increase in its loss rate and the circular chromosome could not be maintained in the absence of both ARS307 and ARS309; however, deleting both of these efficient replication origins from the full-length chromosome III had no effect on its loss rate (8) . To further examine the effect of deleting replication origins, we continued our analysis of the full-length chromosome. The first significant increase in loss rate detected for the full-length chromosome occurred only after all five efficient chromosomal replicators between the left end of the chromosome and the MAT locus were deleted. The removal of the inefficient replicator ARS308 from this originless region caused little or no additional increase in loss rate. Chromosome fragmentations which removed the normally inactive replicators on the left end of the chromosome and/or the replicators distal to MAT on the right arm showed that both groups of replicators contributed significantly to the maintenance of this chromosome. Surprisingly, a 142-kb derivative of chromosome III, lacking all sequences that function as ARS elements in plasmids, replicated and segregated properly 97% of the time. Both the replication initiator protein ORC and telomeres or a linear topology were required for maintenance of chromosome fragments lacking efficient replicators. (25) . Additional ARS deletions were made in the ring as described below. Ring chromosomes carrying internal telomere repeat sequences (TRS) were made using plasmid pYND125 as described below. The SUP11-1-marked linear 61-kb chromosome fragments were made by first constructing a linear derivative of the 61-kb ring carrying the ARS307⌬ in strain 33-4 (8) by using plasmid pNO8. SUP11-1 was then integrated near the ARS307⌬ by using C2G::SUP11-1 (8) . Additional ARS deletions were introduced as described below.
Plasmids. For the deletion of ARS elements, we constructed plasmids carrying ARS deletions ranging in size from 0.25 kb to 3.2 kb in the URA3 vectors YIp5 (51) or pRS306 (49) for use in two-step gene replacements (3) . The sequences deleted corresponded to the smallest subclones with ARS activity that we had identified (37) . Each of the replicator deletion constructs was demonstrated to lack ARS activity, and substitution of the chromosomal copy of the ARS element with the deletion caused the abrogation of chromosomal replicator activity (8, 9) . Plasmids for the deletion of ARS307 and ARS309 were described by Dershowitz and Newlon (8) , and the plasmid for deletion of ARS306 was described by Deshpande and Newlon (9) . The construction of other ARS deletion plasmids is described in the supplemental material. The ARS305 deletion removes a 1.1-kb BamHI-ClaI ARS305 fragment extending from positions 38606 to 39706 of the chromosome III sequence (www.yeastgenome.org). The ARS310 deletion removes either a 3.4-kb KpnI fragment, creating a deletion extending from positions 164426 to 167613 of the chromosome III sequence, or an 846-kb EcoRV fragment extending from positions 166499 to 167344 of the chromosome III sequence (www.yeastgenome.org). ARS308 was removed by replacing CEN3 with CEN4.
To construct plasmids for chromosome fragmentation (62), we inserted a 340-bp C 4 A 2 Tetrahymena telomere fragment in the integrating vectors pRS304 and pRS306 (49) to serve as a seed for S. cerevisiae telomere addition, following linearization of the plasmid by restriction enzyme digestion. Chromosome III sequences were inserted in the polylinker on the other side of the restriction enzyme site to target chromosome fragmentations. Plasmids designed to fragment the right arm at two sites, position 117326, approximately 2.4 kb to the right of CEN3 (pYND97), and positions 174361, 5 kb to the right of ARS310 (pYND56), were made in pRS304. Plasmids designed to fragment the chromosome at three positions on the left arm were made in pRS306. pYND103 fragments the chromosome at position 6582, approximately 5 kb to the left of ARS301. pYND101 fragments the chromosome at position 17033, approximately 2 kb to the right of ARS320. pYND104 fragments the chromosome at position 31871, approximately 1.5 kb to the right of ARS304.
Plasmid pNO8 was used to linearize the 61-kb ring chromosome near ARS309. Plasmid pYND125 was used to insert telomere repeat sequences into the 61-kb ring chromosome and its ARS deletion derivatives using a two-step gene replacement.
Loss rate measurements. Chromosome loss rates were measured by fluctuation analysis using the colony isolation method previously described (8) . To distinguish chromosome loss from mitotic recombination or gene conversion events that caused the loss of SUP11-1, red colonies were tested for histidine prototrophy and their ability to mate. Chromosome loss events produced His Ϫ MATa colonies. White and red colonies from the plates used to isolate colonies for loss rate determinations were tested for the presence of the expected ARS deletions by Southern analysis.
Analysis of replication intermediates. Methods for DNA isolation, two-dimensional gel electrophoresis, and fork direction analysis were described previously (56) .
Chromoductions. Chromoductions (25) were performed by mating a kar1-⌬15 (58) recipient strain with a strain carrying the chromosome III derivative to be transferred. Chromoductants were selected on plates containing 60 g/ml canavanine and 10 g/ml cycloheximide but lacking arginine, leucine, and tryptophan.
RESULTS
Deletion of active replicators causes only modest chromosome instability. To examine the dependence of chromosome stability on the presence of replicators, we systematically deleted replicators from the leftmost 55% of chromosome III and measured the effects on the rates of chromosome loss by fluctuation analysis (8) . For these experiments, we made use of a haploid ade2-101 strain that was disomic for chromosome III. The two copies of chromosome III carry complementing his4 alleles and are heterozygous for mating type. The chromosome from which replicators were deleted carried an insertion of the ochre suppressor tRNA, SUP11-1, 7.8 kb to the left of CEN3. Therefore, the disomic strain is a His ϩ nonmater that forms white colonies as a result of the suppression of ade2-101 by SUP11-1. Loss of the test chromosome is signaled by a red colony or a red sector that is His Ϫ Ade Ϫ MATa. Figure 1A shows the locations and relative efficiencies of replicators along chromosome III. In most cells, this chromosome is replicated by forks that initiate at the seven efficiently used replicators: ARS305, ARS306, ARS307, ARS309, ARS310, ARS315, and ARS319 (36, 41) . The removal of up to four of the five efficient replicators between the left telomere and MAT had no effect on the loss rate. Each of the replicator deletions was studied individually and in combination with other deletions (Fig. 1B) . Two-tailed t tests, analysis of variance tests, and nonparametric analogs were used to assess the statistical significance of differences in loss rates. The effect of deleting ARS306 and ARS307 (data not shown), which are both on the left arm, was not significantly different from that of deleting ARS307 and ARS309, which flank the centromere (8) . These pairs of deletions created regions of approximately 100 kb that lack efficient replicators. Similarly, deleting ARS305, ARS306, and ARS307, which removed all efficient chromosomal replicators from the left arm, or ARS307, ARS309, and ARS310 yielded chromosomes with wild-type loss rates. Chromosomes from which four ARS elements, either ARS305, ARS306, ARS307, and ARS309 or ARS306, ARS307, ARS309, and ARS310 or ARS307, ARS308, ARS309, and ARS310, were deleted also showed wild-type loss rates. It was not until all five efficient replicators in the 194-kb region between the left telomere and MAT (ARS305, ARS306, ARS307, ARS309, and ARS310) were deleted to produce the 5ORI⌬ chromosome that there was a modest two-to threefold increase in the loss rate. ARS308 is tightly associated with CEN3 (20) . Replacing CEN3 with CEN4, which does not have an associated ARS element, created the 6ORI⌬ chromosome and caused no further statistically significant increase in loss rate. The loss rates for chromosomes with zero to four ARS deletions were significantly lower that the loss rates for chromosomes with five or six ARS deletions (P ϭ 0.002). Thus, the 164-kb region of the chromosome between ARS304 and ARS313 can be replicated by forks that initiate outside the region. Because ARS304 and the ARS elements to its left, as well as ARS314, are not detectably active in wild-type strains and ARS313 is only weakly active, these results raise the possibility that the entire 225-kb region to the left of ARS315, which comprises 71% of the chromosome, can be replicated by a fork originating at ARS315.
A chromosome III derivative lacking all ARS elements is surprisingly stable. To assess the role of the remaining replicators in maintaining the chromosome, we performed a series of chromosome fragmentations (62) to remove the remaining ARS elements (Fig. 2) . The fragmentation of chromosome III just to the right of ARS304, which produced a 283-kb chromosome fragment, did not affect the stability of the chromosome carrying no ARS deletions (Fig. 2) . However, the loss rate of the 283-kb 6ORI⌬ chromosome, lacking ARS305 through ARS310, increased approximately 37-fold, suggesting that one or more of the six normally inactive replicators on the left end of the chromosome contributes to the replication 6ORI⌬ of the chromosome. Consistent with this idea, in the 6ORI⌬ strain we found very weak bubble arcs associated with ARS301 and ARS303 in two-dimensional gel patterns of replication intermediates (data not shown), confirming a previous report that these two ARS elements became active replicators in a chromosome from which ARS305 and ARS306 were deleted (63) . Replication intermediates of both the balancer chromo-FIG. 2. Loss rates of chromosomes fragmented near ARS304, ARS310, or both. Diagrams on the left show the 0ORI⌬ derivatives of chromosome III used. 0ORI⌬, 5ORI⌬, and 6ORI⌬ chromosomes described for Fig. 1 were fragmented as described in Materials and Methods. pYND104 was used for fragmentations near ARS304, producing the 283-kb fragment, and pYND56 was used for fragmentations near ARS310, producing the 174-kb fragment. The 141-kb derivative was fragmented at both ends. Loss rates were determined by fluctuation analysis. Error bars indicate standard deviations.
VOL. 27, 2007 MAINTENANCE OF CHROMOSOMES LACKING REPLICATION ORIGINSsome and the 6ORI⌬ chromosome were seen in these twodimensional gel patterns. Therefore, if ARS301 and ARS303 were fully active in the 6ORI⌬ chromosome, the intensities of the bubble arcs and Y arcs should have been similar. However, the bubble arcs were much less intense than the Y arcs, suggesting that these replicators function inefficiently in the 6ORI⌬ chromosome. We also examined the stability of 174-kb chromosomes fragmented 6.9 kb to the right of ARS310 to remove the remaining seven replicators on the right arm (Fig. 2) . The results were similar to those found for the fragmentations near ARS304, with no effect on the 0ORI⌬ control and a 30-fold increase in the loss rate of the 6ORI⌬ chromosome (Fig. 2 ). These results demonstrate that replicators distal to ARS310 on the right arm also contribute to the replication of the 6ORI⌬ chromosome.
Finally, we fragmented the 0ORI⌬ and 6ORI⌬ chromosomes to the right of ARS304 and to the right of ARS310, producing a 142-kb chromosome III fragment. While the stability of the 0ORI⌬ chromosome fragment was unaffected, the loss rate of the 6ORI⌬ chromosome fragment increased by more than 200-fold relative to the full-length 6ORI⌬ chromosome (Fig. 2) . Nevertheless, it is remarkable that the 6ORI⌬ doubly fragmented chromosome, which carries no sequence that functions as an ARS element in the plasmid assay, still replicates and segregates correctly in 97% of cell divisions.
Because we had seen no significant difference in the loss rates of the full-length 5ORI⌬ and 6ORI⌬ chromosomes, we also examined the loss rates of the fragmented 5ORI⌬ chromosomes, which retain the CEN3-associated inefficient replicator ARS308 (Fig. 2) . While the loss rates of the 5ORI⌬ fragments were not significantly different from the loss rates of the 6ORI⌬ fragments, each of the 6ORI⌬ loss rates was higher than the corresponding 5ORI⌬ loss rate, suggesting that ARS308 contributes in a minor way to the maintenance of the 5ORI⌬ fragments.
One explanation for the unexpectedly high stabilities of origin deletion chromosomes is that they regained one or more origins by gene conversion or reciprocal recombination with the balancer chromosome. To examine this possibility, we used Southern analysis to test for the presence of ARS deletions and, where appropriate, the presence of the new telomere(s) in both white disomic colonies and red colonies that had lost the SUP11-1-marked chromosome. Colonies from each fluctuation experiment and from the strains created for analysis of chromosome stability were analyzed. Events that restored replication origins were rare. Only 1 of 58 5ORI⌬ or 6ORI⌬ fulllength chromosomes regained an ARS element, and only 4 of 50 singly fragmented 5ORI⌬ or 6ORI⌬ chromosomes regained one or more ARS elements by gene conversion or reciprocal recombination. We also deleted RAD52, which is required for all homologous recombination. rad52 mutants are known to exhibit increased chromosome loss rates (21, 33) . We found that the loss rate of the 0ORI⌬ fragment was increased to the same extent as the loss rate of the 5ORI⌬ fragment (data not shown). Therefore, the maintenance of these origin deletion chromosomes does not depend on the acquisition of a replication origin.
Further evidence that homologous interaction with the balancer chromosome did not contribute substantially to the maintenance of the 5ORI⌬ or 6ORI⌬ chromosome was provided by the analysis of strains carrying a homeologous balancer chromosome derived from the alloploid brewing yeast S. carlsbergensis (57, 68) in place of the S. cerevisiae balancer. This brewing yeast chromosome, which can substitute for S. cerevisiae chromosome III function, is a mosaic in which the sequences between the left telomere and MAT were derived from a chromosome diverged in DNA sequence from the S. cerevisiae homeologue, and the sequences distal to the MAT locus on the right arm are S. cerevisiae-like (reviewed in reference 26). Mitotic recombination rates between sequences on this chromosome and S. cerevisiae sequences are reduced 10-to 20-fold in the homeologous regions (42) 
Ϫ5 loss/division) were not significantly different from the loss rates measured in strains with the S. cerevisiae balancer (Fig. 2) . The 5ORI⌬ and 6ORI⌬ full-length chromosomes ( Ϫ3 loss/division) were lost at rates approximately twofold higher in these strains than in strains with the S. cerevisiae balancer (Fig. 2) . The 174-kb 6ORI⌬ chromosome fragmented near the position of
Ϫ2 loss/division) was lost at a rate approximately fivefold higher in these strains. These modest increases in loss rate of the 5ORI⌬ and 6ORI⌬ chromosomes further indicate that homology with the balancer chromosome is not a major factor in the maintenance of the originless chromosomes, although we cannot exclude the possibility of a role for short regions of homology that are not able to direct efficient homologous recombination.
Replication of the 6ORI⌬ fragment. To further explore the role of the six inactive ARS elements in the maintenance of the 6ORI⌬ chromosome fragmented to the right of the position of ARS310, we undertook an additional two-dimensional analysis of replication intermediates and constructed additional fragmentations at both ends. For the two-dimensional gel analysis, we used a strain carrying the homeologous S. carlsbergensis chromosome III balancer, which made it possible to find probes that hybridize only to the S. cerevisiae chromosome at high stringency, allowing the visualization of replication intermediates that arise specifically from the 6ORI⌬ fragment. Analyses of replication intermediates of ARS301, ARS302, ARS303/320, and ARS304 are shown in Fig. 3 . Bubble arcs are present in the ARS301 and ARS303/320 patterns of the 174-kb 6ORI⌬ fragment, but not in the 174-kb 0ORI⌬ fragment. We have never observed origin activity of ARS302 or ARS304 in its normal chromosomal context.
Results of stability measurements on a series of 174-kb 5ORI⌬ chromosomes carrying further fragmentations at the left end in strain F510 corroborated the role of the ARS elements flanking HML in the maintenance of the 174-kb 5ORI⌬ fragment. Removing 6.5 kb of the left end of the chromosome, including ARS300, caused no increase in the loss (Fig. 2) . In contrast, the removal of 17 kb of the left end of the chromosome, including HML as well as ARS301, ARS302, and ARS303/ARS320, caused an increase in loss rate equivalent to that seen for the 142-kb 5ORI⌬ fragment ([1.8 Ϯ 0.6] ϫ 10 Ϫ2 loss/division) (Fig.  2) . Therefore, of the six inactive ARS elements on the left end of chromosome III, it appears that replication initiations at only ARS301 and ARS303/ARS320 contribute significantly to the maintenance of the 174-kb 5ORI⌬ chromosome III fragment.
If the 6ORI⌬ fragment were replicated by initiations at ARS301 and ARS303/320, then replication forks should diverge from these two ARS elements. To test this hypothesis and to gain insight into how the remainder of the fragment is replicated, we determined the direction of fork movement along the 174-kb 6ORI⌬ chromosome by using a modification of the two-dimensional gel procedure (17) . Figure 4 shows the analysis of fork movement through fragments immediately to the left of HML, ARS305, ARS307, and ARS310. In the 174-kb 0ORI⌬ control fragment, the patterns showed only forks moving to the left from the nearest origin, except near ARS310. The fainter fork moving rightward into ARS310 demonstrates that ARS310 initiates replication in approximately 70% of cell cycles, confirming our previous observations in another strain (56) .
The presence of diverging forks in regions flanking HML in the 174-kb 6ORI⌬ fragment provides further support for the idea that replication initiates at latent origins surrounding HML. Since we detected only forks moving to the left from HML in the ARS301 panel but detected forks moving in both directions at approximately equal frequency to the right of HML in the ARS305 panel, we conclude that replication initiates at ARS301 and/or ARS303 only about half of the time.
We also detected forks moving in both directions just to the left of the ARS307 and ARS310 deletions in the 6ORI⌬ fragment (Fig. 4) . It is particularly striking that at least 30% of the forks that replicate the region adjacent to the ARS310 deletion move leftward through the fragment, indicating that they must have initiated distal to the ARS310 deletion. The new telomere seeded by a C 4 A 2 tract in the fragmentation vector is located only 6.8 kb to the right of the ARS310 deletion, suggesting either that there is a replication origin in this 6.8 kb of chromosome III or that replication is initiating at the new telomere. The fragmentation vector lacks ARS activity, making it unlikely that replication initiates in vector sequences.
A potential mechanism for the introduction of a replicator in this region is the acquisition by the new telomere of a subtelomeric X or YЈ ARS element from another chromosome. The presence of an X element would extend the length of the new telomere by approximately 500 bp, and a YЈ element would add 5 to 6.2 kb of sequence with a characteristic restriction pattern (7). The new telomere was examined by Southern analysis, making use of an EcoRV site in the fragmentation vector and a plasmid probe, to determine the size of the new telomere. The somewhat diffuse band revealed, centered at about 1.6 kb, was predicted by the expected addition of C 1-3 A repeats to the C 4 A 2 tract of the fragmentation vector by yeast telomerase (54) and is inconsistent with the presence of either a subtelomeric X or a subtelomeric YЈ element (data not shown).
To test whether specific sequences on the right arm of the 174-kb 5ORI⌬ fragment contribute to its maintenance, we fragmented this chromosome 2.4 kb to the right of CEN3. The loss rate of the resulting 117-kb fragment ([9.7 Ϯ 0.4 ] ϫ 10 Ϫ4 loss per division) was not different from the loss rate of the 174-kb 5ORI⌬ or 6ORI⌬ fragment (Fig. 2) , making it unlikely that there is an additional replication origin on the right arm of the 174-kb fragment that contributes to its maintenance.
Taken together, these results are consistent with at least two mechanisms for the maintenance of the chromosome III fragment lacking conventional replication origins. First, in any given chromosome fragment, replication could initiate at one of several replication origins that are so inefficient that they cannot support the maintenance of a plasmid in the ARS assay. Second, replication could initiate by an unknown mechanism at one end or the other of the fragment, but not at both ends in most molecules. Both models would account for the demonstrated bidirectional movement of replication forks at several different places along the 174-kb 6ORI⌬ fragment.
Linear topology or telomeres are required for the maintenance of a chromosome fragment lacking ARS elements. We showed previously that a 61-kb ring chromosome (Fig. 5A ) from which the two efficient replication origins, ARS307 and 
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ARS309, were removed could not be stably maintained; at very high frequency, one of the two replication origins was restored by gene conversion (8) . To test whether this fragment of chromosome III, which was produced by a recombination between a Ty2 to the left of LEU2 and a Ty1 to the right of PGK1, could be maintained as a linear fragment, we introduced a URA3
FIG. 5. Diagrams of 61-kb chromosome III derivatives analyzed. (A) Ring chromosome III (61 kb) formed by recombination between
Ty1-17, which is a Ty2 element, and Ty1-161 (Fig. 1A) . The hybrid Ty formed by the recombination is designated "Ty" on the maps in the figure. (B) Ring chromosome (61 kb) carrying the 276-bp TRS as described in Materials and Methods. (C) The ring chromosome was linearized as described in Materials and Methods. gene flanked by C 4 A 2 tracts near ARS309 and selected for linear derivatives of the ring chromosome on plates containing 5-fluoroorotic acid (32) . The presence of the expected new telomeres on the 61-kb linear fragment (Fig. 5C ) was confirmed by Southern blotting (data not shown). Replicators were then deleted as described above. Consistent with our previous results (8) , the deletion of either ARS307 or ARS309 from the 61-kb ring chromosome caused a three-to fourfold increase in loss rate and a derivative lacking both efficient replicators was not recovered ( Fig. 5 ; Table 2 ). In contrast, the 2ORI⌬ linear derivatives from which the efficient replicators ARS307 and ARS309 were deleted or the 3ORI⌬ linear derivative lacking all three replicators were maintained and showed only two-or threefold increases in loss rate relative to the linear derivative with only ARS307 deleted. The loss rate of the linear carrying the ARS307 deletion was similar to the loss rate of the ring from which it was derived. The 61-kb ring chromosome and its linear derivative contain identical DNA sequences except for the telomeres on the linear form. Longtine et al. (30) have reported that TRSs stabilize small ARS plasmids by improving their ability to segregate properly. We undertook two experiments to test the idea that the presence of a TRS would improve the stability of the 61-kb ring chromosome. First, we made use of the SUP11-1 marker on the ring chromosome to determine whether the loss events caused by the deletion of replication origins from the 61-kb ring chromosome and its linear derivatives were due to failure to replicate (1:0 loss events) or failure to segregate (2:0 loss events). The strain carrying a single copy of the 61-kb ring gives rise to colonies that are slightly pink on plates with limiting adenine, due to the incomplete suppression of the ade2-101 allele in the strain, while strains carrying two copies of SUP11-1 give rise to white colonies. Moreover, the sectoring patterns of the colonies are different, with colonies produced by cells with a single copy of the SUP11-1-marked fragment frequently having multiple red sectors, while colonies produced by cells carrying two copies of the marked chromosome fragment infrequently having sectors because the production of a red sector requires independent losses of both marked fragments. Therefore, missegregation events are expected to cause an accumulation of white, nonsectoring colonies along with red colonies that lack the fragment, while failures to replicate are expected to give rise to pinkish sectoring colonies along with red colonies. The number of cells plated for fluctuation analysis was optimized to determine the rate of production of loss events (signaled by red colonies), which include both 1:0 and 2:0 segregations. Nevertheless, it was possible to estimate that the rate of production of white, nonsectoring colonies was (4.1 Ϯ 2.3)ϫ 10 Ϫ4 , a rate 10-fold lower than the rate of loss events. Because reversions of the ade2-101 mutation and new mutations in ADE1 both result in the production of white, nonsectoring colonies, the 10-fold-lower rate of missegregation represents an minimum estimate of the difference. Therefore, simple 1:0 loss events, presumably from failures to replicate, rather than missegregations, constitute the predominant mechanism of loss of the 61-kb ring chromosome.
The second experiment was to insert a 276-bp TRS sequence into 0ORI⌬ and 1ORI⌬ 61-kb ring chromosomes at the site that was used to linearize the ring (Fig. 5 B) and to measure loss rates of resulting chromosomes ( Table 2 ). The loss rates of all three ring derivatives carrying the TRS were 1.5-to 2-fold higher than the loss rates of the corresponding rings lacking the TRS. Although the differences in loss rate were not significant in two of the cases, these results indicate that the addition of a TRS to the ring chromosomes does not improve their stability. Using the single ARS deletion constructs carrying the TRS, we also attempted to delete the second efficient origin in the presence of the TRS. Both the ARS307 and ARS309 deletion constructs normally yield more ARS deletion popouts than wild-type popouts in the two-step gene replacement procedure, but in this case, we failed to recover the 2ORI⌬ chromosome. We analyzed a total of 26 Ura Ϫ Leu ϩ popouts of single ARS deletion rings carrying TRS and found that 19 carried the wild-type copy of the ARS element we were trying to delete. Two of the recovered ring chromosomes carried the wild-type copies of both ARS307 and ARS309, and one carried the deletion we were trying to make but had lost the first deletion. These three-ring chromosomes almost certainly acquired wild-type ARS elements by gene conversion from the balancer chromosome. Finally, we found four very small colonies that grew on plates lacking Leu and containing 5-fluoroorotic acid that were used to select Ura Ϫ popouts. These small colonies were Leu Ϫ and lacked the ring chromosome when restreaked. It is possible that these four colonies initially carried the 2ORI⌬ ring, but it was so unstable that it was lost in subsequent restreaking. These results indicate that internal telomere repeat sequences are insufficient to stabilize the 2ORI⌬ 61-kb ring chromosome and that the presence of telomere repeat sequences alone cannot explain the maintenance of the linear chromosome fragment lacking replicators. Instead, it is likely that either the linear topology or the presence of telomeres on the linear fragment supports replication initiation events that cannot occur on the circular chromosome.
ORC is required for the maintenance of five-deletion fragments. The possibility that replication initiates at or near telomeres on chromosome fragments lacking ARS elements raises the question of whether the normal replication initiation machinery is required for maintenance of these origin-deficient chromosomes. Therefore, we tested whether mutations in the replication initiator protein ORC affected the stability of chromosome fragments from which efficient replicators have been deleted. Temperature-sensitive mutations in two subunits of ORC, orc2-1 and orc5-1, cause defects in replication initiation at the permissive temperature, measured both by plasmid stability assays and by two-dimensional gel analysis of chromosomal replication origins (12, 16, 27) , although the orc5-1 defect is more apparent at semipermissive temperatures. We introduced the orc2-1 and orc5-1 mutations into strain YKN6 by two-step gene replacements. Consistent with published results, both mutant strains had a plasmid maintenance defect relative to the wild-type strain, measured as the fraction of plasmid-bearing cells in cultures grown under selection for the plasmid (61) . The ARSH4 CEN6 plasmid pRS315 (49) was present in 92.3% Ϯ 7.5% of YKN6 cells, 37.0% Ϯ 2.2% of orc2-1 cells, and 52.6% Ϯ 8.3% of orc5-1 cells.
We then introduced both 174-kb and 142-kb 0ORI⌬ and 5ORI⌬ chromosome fragments into the strains by chromoduction and measured fragment stabilities by fluctuation analysis (Fig. 6) . Consistent with the role of ORC in the activation of both efficient and dormant replication origins, the orc2-1 mu-VOL. 27, 2007 MAINTENANCE OF CHROMOSOMES LACKING REPLICATION ORIGINS 4659 tation caused a significant increase in the loss rate of the 174-kb 0ORI⌬ and 5ORI⌬ chromosome fragments and the 142-kb 0ORI⌬ chromosome fragment. Strikingly, we were unable to recover chromoductants carrying the 142-kb 5ORI⌬ chromosome fragment. In all chromoductants analyzed by Southern blotting, the 142-kb 5ORI⌬ fragment had acquired replicators, either by gene conversion of one or more replicators from the balancer chromosome or by events that restored the right or left end of the chromosome, resulting in the loss of one of the telomeres introduced by fragmentation. At the permissive temperature (23°C), the orc5-1 mutation had no effect on the loss rate of either the 174-kb or the 142-kb 0ORI⌬ or 5ORI⌬ chromosome fragments (data not shown). At the semipermissive temperature of 27°C, the 142-kb 5ORI⌬ chromosome fragment, but not the other three fragments tested, was lost at a rate 2.5-fold higher in the orc5-1 strain than in the wild-type strain (Fig. 6 ). Taken together, these results indicate that ORC is required for maintenance of the chromosome III fragment lacking ARS elements.
DISCUSSION
Yeast chromosomes are very stable, with loss rates in the range of 10 Ϫ5 loss per cell division. The loss rate of natural yeast chromosomes is three orders of magnitude lower than the loss rates of centromeric plasmids or yeast artificial chromosomes (YACs) carrying foreign DNA (59, 60) , providing an opportunity to measure very small perturbations in their stability. Our systematic analysis of the effects of deleting replicators from yeast chromosome III revealed that replicators are redundant in the sense that single ARS deletions and all combinations of double, triple, and quadruple ARS deletions tested had no detectable effect on chromosome stability. It was not until we deleted the five efficient replicators present in the leftmost 71% of chromosome III that the loss rate of the chromosome increased two-to threefold. This low loss rate raises the possibility that this 225-kb region could be replicated by a fork originating at ARS315. Based on measured fork rates and length of S phase, the replication of this length of DNA by a single fork is feasible (43) .
Further analysis of this 315-kb full-length 5ORI⌬ chromosome and the 6ORI⌬ chromosome that also lacks ARS308 demonstrated that two "dormant" replicators flanking HML, ARS301, and ARS303, which normally do not function as chromosomal replication origins (15) , become weakly active and contribute to the maintenance of the chromosome. These results are consistent with those of Vujcic et al. (63) , who showed that these two ARS elements become active in a chromosome from which the early-initiating replicators ARS305 and ARS306 had been deleted. The region of chromosome III containing these dormant replicators is normally replicated by a fork that originates at ARS305 and requires about 15 min to traverse the ca. 25-kb region between ARS305 and ARS303. ARS301 initiates replication late in a plasmid context (4) , suggesting that it is likely to be replicated by a fork from ARS305 before it initiates replication in the chromosome. Support for this hypothesis is provided by studies on rad53 strains, in which replication forks were induced to collapse by treatment with hydroxyurea (31, 45) . Under these conditions, which further slow forks initiated at ARS305, ARS301 initiated 30 to 45 min later than ARS305. These observations suggest that replicators that have evolved to initiate late may play an important role in allowing complete replication of chromosomes in which earlyinitiating replication forks have collapsed. Because prereplicative complexes competent to initiate replication are assembled only during G 1 (reviewed in reference 2), regions near the ends of chromosomes that are normally replicated by forks from interior origins may be particularly vulnerable to replication fork collapse. In this regard it is interesting that Wyrick et al. (64) identified a large number of pro-ARSs, defined as genomic sites that bind both ORC and MCM proteins, in regions within 20 kb of telomeres.
As expected, we found that removing the right arm of the chromosome distal to the ARS310 deletion, which contains efficient replication origins, increased the loss rates of the 5ORI⌬ and 6ORI⌬ fragments but only to the extent caused by FIG. 6 . Stabilities of 0ORI⌬ and 5ORI⌬ chromosomes fragmented near ARS310 or near ARS304 and ARS310 in orc5-1 and orc2-1 strains. Diagrams of the 174-kb and 142-kb 0ORI⌬ fragments are shown at the top of the figure. Strains YKN6 (wild type), YNS1 (orc2-1), and YNS3 (orc5-1) were mated with donor strains F013 and F510, and chromoductants carrying the chromosome III 0ORI⌬ and 5ORI⌬ fragments were selected as described in Materials and Methods. Loss rates were determined by fluctuation analysis. Loss rates in the wild-type and orc2-1 strains were determined at 23°C, and loss rates in the orc5-1 strain were determined at the semipermissive temperature of 27°C. Error bars indicate standard deviations.
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deleting the dormant origins on the left end. An analysis of the direction of fork movement at several places along the 6ORI⌬ fragment provided evidence for the activation of the dormant origins flanking HML, which are likely to be the sources of forks moving rightward through the fragment. It also revealed forks moving in both directions in the other three regions analyzed, including a region only 15 kb from the telomere seeded by telomeric repeats in the fragmentation vector, suggesting that replication might initiate at or near the new telomere. Consistent with these results, in their analysis of a YAC in which they created a 174-kb region devoid of replication origins, van Brabant et al. (59) found forks moving in both directions through the originless region, including a region near the right telomere of the YAC. The mechanism by which such initiation events occur remains to be determined, although our findings provide some additional insight into the process. Our analysis of the maintenance of a 61-kb linear chromosome fragment derived from the 61-kb ring chromosome that was formed by recombination between Ty elements to the left of LEU2 and to the right of PGK1 (52) provides evidence that either a linear topology or the presence of functional telomeres allows replication initiation events that do not occur on the ring chromosome ( Fig. 5 and Table 2 ). One possible explanation for the stability of the 3ORI⌬ 61-kb linear chromosome fragment was that it was stabilized by the addition of TRSs, which are added by telomerase during the formation of new telomeres. Longtine et al. (30) found that the addition of a TRS to a small ARS plasmid lacking a centromere increased the stability of the plasmid by improving its segregation efficiency. However, when a TRS was included in a small plasmid carrying a centromere, it caused a reduction in the stability of the plasmid. Consistent with the plasmid studies, we found that the insertion of a TRS in the 0ORI⌬ ring or in two 1ORI⌬ rings failed to improve the stability of the rings and may have caused a small increase in their loss rates. Therefore, an internal TRS, which binds Rap1p and may recruit factors required for telomeric silencing (29) , is not sufficient to stabilize the ring chromosome.
Further experiments will be required to determine the role of telomeres and/or linear topology in the maintenance of the ORI⌬ chromosome fragments. One explanation of the role of telomeres is based on the observation that yeast telomeres acquire longer G-strand tails late during S phase, apparently as a result of degradation of the telomeric C-rich strand (reviewed in reference 6). This observation indicates that the lagging strand replication machinery is active at most or all telomeres late in S phase, and it is possible that a replication fork can be formed at telomeres of chromosomes that have not replicated normally during S phase. Another possibility is that ORC, which is known to play a role in the establishment of transcriptionally repressed domains in yeast and Drosophila (reviewed in reference 1), is recruited to telomeres by interaction with one or more telomere binding proteins (see below).
Our finding that ORC is required for the maintenance of the 141-kb 5ORI⌬ chromosome suggests that the normal replication initiation machinery is required for the maintenance of the fragment, although we cannot eliminate the possibility that the role ORC plays is distinct from that of replication initiation (see below). It is unlikely that additional ARS elements that contribute to the maintenance of the 141-kb 6ORI⌬ are present. In our analysis of overlapping fragments of chromosome III for ARS activity (37, 41), we found no evidence of additional ARS elements, although recent genome-wide analyses of potential replication origins in budding yeast have identified additional potential replicators on chromosome III. In their analyses of ORC and MCM binding sites, Wyrick et al. (64) and Xu et al.(65) found a single ORC-MCM binding site present in the 142-kb chromosome III fragment that was not associated with an ARS element. This site is a few kilobases distal to ARS309, and a fragment amplified from this region did not have ARS activity in the plasmid assay (65) . Moreover, initiation events at this site cannot account for the leftward-moving forks seen centromere proximal to the ARS310 deletion (Fig. 4) . Therefore, if replication is initiating at internal sites in an ORC-dependent manner, the sites must not bind ORC efficiently enough to be detected in the chromatin immunoprecipitation assay used to identify ORC binding sites.
In another approach to identifying replication origins, Nieduszynski et al. (39) used an analysis of phylogenetic conservation of intergenic regions to identify replication origin sequences in S. cerevisiae. This analysis identified most of the known ARS elements on chromosome III but no additional ones. An additional five phylogenetically conserved intergenic regions with matches to the ACS are present in the chromosome fragment studied here, but they have not been tested for ARS activity (C. A. Nieduszynski, personal communication). These sites were eliminated from the final list of replication origins by one or more of the filters utilized in the study (39) . Finally, the results of the whole-genome approaches to mapping replication origins discussed in the introduction have recently been compiled with both the ORC and MCM binding studies and the phylogenetic conservation data in an origin database, OriDB (38) . This database lists four potential replication initiation sites on chromosome III that were identified in one or more microarray studies. Only one of these sites was identified as an ORC-MCM binding site, and the fragment containing this region does not have ARS activity.
In addition to its well-defined role in replication initiation and in the establishment of transcriptionally repressed domains in yeast and Drosophila (reviewed in reference 1), ORC is also believed to have a mitotic function. Dillin and Rine (11) first suggested a mitotic role for ORC based on the mitotic delay seen in the orc5-1mutant. The orc2-1 and orc5-1 mutations are each synthetically lethal with deletion mutations causing sister chromatid cohesion defects, including ctf4⌬, ctf8⌬, ctf18⌬, and dcc1⌬ (53) . In addition, the orc5-1 mutation enhances the cohesion defect caused by scc1-73, a mutation in a cohesin subunit. Finally, ORC has also been shown to play a cohesin-independent role in sister chromatid cohesion in yeast (46) . We cannot eliminate the possibility that the role of ORC in maintenance of the 142-kb 5ORI⌬ fragment is related to its role in transcriptional silencing or sister chromatid cohesion. To ultimately understand where replication initiates on the 5ORI⌬ and 6ORI⌬ fragments will require the analysis of single molecules. We are currently using single-molecule analysis of the replicated DNA (40) to analyze the replication of individual originless chromosome III fragments.
In their studies of a YAC carrying human DNA similar in (59) found that an "originless" derivative of this YAC was lost at a rate similar to the loss rate of our 142-kb 6ORI⌬ chromosome III fragment lacking both dormant replicators and replicators on the right arm. They found that maintenance of the YAC required RAD9, which encodes a mediator protein required for the DNA damage checkpoint (reviewed in reference 28). In a rad9⌬ strain, the YAC was unstable when cells were grown under selection for the YAC, with derivatives that had deleted large portions of the originless region overtaking the population, indicating that the DNA damage checkpoint is important for maintaining the YAC. Consistent with their results, we have found that RAD9 and other genes encoding components of the DNA damage checkpoint pathway are important for the maintenance of the originless chromosome fragment (unpublished data). These findings raise the possibility that DNA damage checkpoint pathway has a role in an alternative route to replication initiation.
